Hafnium aluminate films with different compositions were deposited at room temperature by jet vapor deposition. The as-deposited films were amorphous. After annealing at 1100 °C, the microstructure of the films was analyzed by high-resolution transmission electron microscopy, electron diffraction and electron energy loss spectroscopy (EELS).
INTRODUCTION
Thin films of transition metal oxides with dielectric constants (k) greater than that of SiO 2 ( k SiO 2 = 3.9) are currently being investigated as novel gate dielectric materials in complementary metal-oxide-semiconductor (CMOS) devices. High-k metal oxides that are potentially stable in contact with Si include HfO 2 and ZrO 2 , and their alloys with SiO 2 (silicates) and Al 2 O 3 (aluminates), respectively [1] [2] [3] [4] . Device processing requires temperatures around 1000 °C, and it is now well established that amorphous Hf-or Zrsilicate films phase separate at high temperatures into a silica-rich and a transition metal (Hf or Zr)-oxide-rich phase [5] [6] [7] [8] [9] . Phase separation produces local variations in the dielectric properties of the films that may be detrimental for devices, for example by causing electric field variations in the underlying Si channel [7] . In contrast, less is known about the phase stability of thin film aluminates.
The HfO 2 -Al 2 O 3 phase diagram is not completely developed ( Fig. 1 ) [10] . In contrast, the ZrO 2 -Al 2 O 3 phase diagram is well established [11] . HfO 2 and ZrO 2 are chemically similar. Both HfO 2 and ZrO 2 have three polymorphs that are based on the cubic fluorite structure: cubic, tetragonal (t) and monoclinic (m), which is the stable phase at room temperature. The temperature of the monoclinic to tetragonal phase transformation is about 700 °C higher in HfO 2 (~ 1700 °C) than in ZrO 2 [12] . The tetragonal (or cubic) phase can be retained ("stabilized") at room temperature by alloying with cations with lower valence that substitute for M 4+ (M = Zr or Hf) [12] . were generated by dc sputtering in separate nozzles and brought into the deposition chamber by a supersonic Ar jet. Details of the deposition process are described elsewhere [4, 22] . Al/(Hf+Al) ratios (x at% ) were determined by x-ray photoelectron spectroscopy and used to estimate the mol% of Al 2 O 3 (or x) in the formula above (i.e., Selected area electron diffraction (SAD) patterns were recorded using the JEM2010.
EELS line scans were obtained in the JEM 2010F, which is equipped with a fieldemission gun, annular dark-field detectors and a post-column imaging filter (Gatan GIF200). This microscope is capable of achieving sub-0.2 nm probe sizes in scanning transmission electron microscopy (STEM) for microanalysis and incoherent Z-contrast lattice imaging [25] . The probe size used for EELS was about 0.2 nm.
RESULTS AND DISCUSSION
The insets in Fig. 2 show SAD patterns obtained from plan-view samples of the HfO 2 film (Fig. 2a) , of the HfO 2 -Al 2 O 3 films with different compositions (Fig. 2b-d) , and of the Al 2 O 3 film (Fig. 2e ) after annealing at 1100 °C. All patterns showed well-defined rings, indicating that all films were polycrystalline. 7
The patterns showed that even the films with x = 1.0 and x = 0.64, which exhibited no detectable peaks in XRD, had crystallized. The absence of peaks in XRD is likely due to the small grain size of these films (< 5 nm) and the highly defective nature of the Al 2 O 3 film (see Fig. 2e ), which causes broadening of the reflections in XRD, making them difficult to detect. The crystalline phase of the pure HfO 2 film (x = 0) was the low-temperature equilibrium monoclinic polymorph. No twinning, which would be characteristic of the t m phase transformation, could be detected in this film. Thus the films nucleated as monoclinic HfO 2 . The grain sizes in this film were about 10 -15 nm (Fig. 2a) .
The lattice plane spacings in the pure Al 2 O 3 film (x = 1.0) could be assigned to the cubic spinel ( ) structure, rather than the equilibrium corundum ( ) structure. substrate that should promote the nucleation of corundum [26] . In -Al 2 O 3 , the oxygen anions form a hexagonal close-packed (hcp) arrangement, whereas in cubic spinel they form a face-centered cubic (fcc) arrangement. The cations in -Al 2 O 3 are partially disordered [18] . LEVI suggested that the absence of sufficient time for ordering during crystallization favors the spinel structure over the corundum structure [17] .
Crystallization to -Al 2 O 3 would require that the Al ions form a regular pattern in the interstitial sites of the O close packed layers, and -Al 2 O 3 may thus become energetically favored over an -Al 2 O 3 film containing a high density of defects [17] . In addition, the rearrangement of oxygen anions may also be rate limiting during crystallization from the 8 amorphous phase [27] . Consistent with both mechanisms, long annealing times are known to cause the transformation to the equilibrium -phase [26] .
The diffraction rings in the films with 7 mol% Al 2 O 3 ( Fig. 2b) and with 30 mol% Al 2 O 3 ( Fig. 2c) could be indexed as a mixture of monoclinic and tetragonal HfO 2 .
Diffraction rings corresponding to lattice planes spacings of m-HfO 2 , i.e. ~ 3.68 Å, had a reduced relative intensity and some of the monoclinic spacings were missing in the patterns as the Al-content was increased (see Table I [29] . To further investigate the accommodation of Al, EELS line scans of the Al L 2,3 -edges (79 eV) were performed across several grains. It should be noted that in the heavily elastically scattering HfO 2 -rich grains reduced the 10 intensity of the EELS spectra, making the amount of Al was difficult to quantify in these grains [30] . Figure 3 shows an Al profile, as calculated from the intensity under the Al L 2,3 -edge, for the film with ~ 30 mol% Al 2 O 3 , and the corresponding high-angle annular dark-field (HAADF) image that was used to position the scan. The Hf(Al)O 2 grains appear bright in Fig. 3a whereas the darker areas are the intergranular phase. The contrast is due to the strong atomic number sensitivity of the HAADF imaging technique.
As can be seen from Fig. 2 ). 
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